(p = 0.016). No significant correlations were found among cortisol levels and all parameters were investigated. Conclusions Cortisol levels correlate with GH secretion and with many metabolic parameters in GHD children, while the metabolic effects during GHT are mainly due to GHT per se and less to cortisol reduction.
Introduction
The relationship between the growth hormone (GH)-insulin like growth factor (IGF)-I system and the hypothalamic-pituitary-adrenal (HPA) axis is complex and not univocal. Both a stimulatory and a neutral effect of IGF-I on the HPA axis have been demonstrated in in vitro models and in healthy subjects [1, 2] , and the effect of the GH on the HPA axis, and specifically on the 11beta-hydroxysteroid dehydrogenases (11beta-HSD) isozymes, is widely documented. In peripheral tissues, corticosteroid hormone action is partially determined by the activity of 11beta-HSDs, two isozymes which interconvert hormonally active cortisol and inactive cortisone. 11beta-HSD2 inactivates cortisol to cortisone in the kidney, whilst 11beta-HSD1 performs the reverse reaction, activating cortisol from cortisone in the liver and adipose tissue. Neither GH nor IGF-I seem to affect 11beta-HSD2 activity, while GH inhibits cortisone to cortisol conversion through a reduction in 11beta-HSD1 activity [3, 4] . Consequently, patients affected by growth hormone deficiency (GHD) demonstrate an increased cortisol/cortisone ratio and an alteration in 11beta-HSD1 activity in GHD could partially explain the increased cortisol production in key target tissues including liver and adipose
Abstract
Purpose Patients with growth hormone deficiency (GHD) demonstrate an increased cortisol/cortisone ratio which could potentially explain the metabolic features of GHD, while GH treatment (GHT) could increase the cortisol metabolism. Methods In 35 children (27 M, mean age 10.1 years) with idiopathic GHD at baseline and after 12 months of GHT and in 25 controls, in addition to metabolic parameters, we assessed adrenal function by morning serum cortisol, its peak, and its area under the curve (AUC COR ) during insulin tolerance test (ITT). Results A cortisol peak <18 µg/dl was shown in 22 and 31% of GHD children at baseline and after GHT, respectively. At baseline, GHD children had lower fasting glucose (p < 0.001) and ISI-Matsuda (p = 0.042), with concomitant higher Homa-IR (p = 0.006) and morning cortisol (p = 0.012) than controls. Morning cortisol was negatively correlated with GH (p < 0.001), fasting glucose (p < 0.001) and ISI-Matsuda (p < 0.001) and positively with Homa-IR (p = 0.010). Both cortisol peak and AUC COR were negatively correlated with GH (all p < 0.001) and ISIMatsuda (p = 0.016 and p = 0.001, respectively). After 12 months of GHT, a significant increase in fasting glucose (p < 0.001), and Homa-IR (p = 0.011) was documented, with a concomitant decrease in morning cortisol (p = 0.002), AUC COR (p = 0.038), total (p = 0.003) and LDL-cholesterol 1 3 tissue, promoting insulin resistance and visceral adiposity, which are some of the phenotypic features of GHD [5, 6] .
Conversely, in GH-treated patients, the GH-mediated increase in cortisol metabolism may unmask or precipitate adrenal insufficiency (AI) in patients with partial adrenocorticotropic hormone deficiency commencing GH treatment (GHT), through the negative effect on 11beta-HSD1 activity and the reduction in cortisone to cortisol conversion. In addition, the well-known beneficial effects of GHT on cardiovascular risk factors of GHD patients could also be an indirect effect via alterations in cortisol metabolism [7] [8] [9] . Therefore, this effect is always to be considered in patients affected by GHD both at diagnosis and during GHT. While evaluation of integrity of the HPA axis is essential in patients with organic GHD because it is well known that these patients may have additional pituitary hormone deficits [10] and GHT may unmask a central hypoadrenal state [11] , weaker and quite discordant data exist on HPA function in patients with idiopathic GHD.
The aim of this study was to evaluate (1) the HPA function in children affected by idiopathic GHD at diagnosis and its potential change during GHT; (2) the role of serum cortisol in determining the metabolic features of GHD.
Materials and methods
We prospectively enrolled 35 children (27 M, 8 F; mean age 10.1 ± 1.4 years; range 6.9-11.6) affected by idiopathic GHD consecutively admitted to the Section of Endocrinology of the University of Palermo from January 2015 to December 2016. Twenty-five healthy subjects, matched for sex (16 M, 9 F), age (mean age 9.4 ± 1.9 years; range 5-11.4), stature, and pubertal status, were recruited as a control group at baseline among children referred for short stature. In this group, screening for short stature did not reveal endocrine disease and GHD was excluded. We excluded children affected by organic GHD, already known multiple pituitary hormone deficiency or receiving other hormonal replacement treatment. All patients, including the older ones, were in the first stage of sexual development according to the criteria of Marshall and Tanner [12] , to avoid any interference of puberty on the metabolic parameters analyzed, and these children maintained their prepubertal hormonal status during the observation period (i.e., FSH and LH <1 mU/ml, total testosterone and 17β-Estradiol <0.50 ng/ml and <5 pg/ ml in males and females, respectively).
GHD was diagnosed by the clinical, auxological, radiological, and biochemical criteria of the GH Research Society [13] . The auxological criteria included height more than two standard deviations (SD) below the mean and a growth velocity of 1 year before diagnosis more than 1 SD below the mean for age, or a decrease in height SD of more than 0.5 over 1 year or, without severe short stature, a growth velocity more than 2 SD below the mean over 1 year or, finally, height more than 1.5 SD below the midparental height. As radiological criteria we considered a bone age delay, estimated from an X-ray of the left wrist and hand and evaluated according to the methods of Greulich and Pyle, of at least 1 year with respect to the chronological age [14] . Biochemically, GHD was diagnosed by the failure of GH to respond to glucagon stimulation test (GST) and insulin tolerance test (ITT), with GH peaks below 8 µg/l [15] . Neuroimaging, with magnetic resonance of the hypothalamic-pituitary region, was performed in all children with more severe GHD, i.e., with GH peak ≤3 μg/l, and when we suspected there was a multiple pituitary deficiency (overall in 11 children). Among them, no patient showed pituitary abnormalities.
All GHD children received GH once daily at bedtime with a pen injection system for at least 12 months. IGF-I levels and growth velocity allowed us to determine the GH dose. Specifically, the main targets were arbitrarily IGF-I levels between 0.5-1.5 SDS and growth velocity >0.5 SDS. On average, in all patients, the initial daily dose of GH was 0.025 mg/Kg and it was gradually increased to 0.027-0.028 mg/Kg from months 6 to 12, to achieve the abovementioned targets.
Study protocol
In all children at baseline, we measured body height [expressed as standard deviation, (SD)], growth velocity, body mass index (BMI), waist circumference (WC), and bone/chronological age ratio. GH secretion was evaluated by means of GST and ITT, performed on two different days. During GST, blood samples were collected at 0, 30, 60, 90, 120, 150, 180, and 240 min after the injection of 30 μg/kg (up to 1000 μg) intramuscularly of glucagon (GlucaGen, NovoNordisk, Bagsvaerd, Denmark), for measurements of GH. ITT (0.1 U/kg of body weight of human Humulin R insulin) was performed in all children as a diagnostic test for GHD at baseline and at the same time to evaluate HPA function both at diagnosis and during GHT. Blood samples for GH, cortisol, and glucose were measured during ITT at baseline and at 30, 60, 90, and 120 min after insulin administration; results were accepted with blood glucose lower than 2.2 nmol/l (40 mg/dl). The areas under the curve (AUC) of GH (AUC GH ) during GST and ITT and cortisol (AUC COR ) during ITT were calculated using the trapezoidal rule.
On a different day, a blood sample was drawn after an overnight fast for the measurement of hemoglobin A1c (HbA1c) and IGF-I concentrations. This sample also served as the baseline sample for an oral glucose tolerance test (OGTT). Blood samples were collected every 30 min for 2 h for glucose and insulin measurements. AUC of glucose (AUC GLU ) and insulin (AUC INS ) during OGTT was calculated using the trapezoidal rule.
HPA function was assessed through the morning adrenocorticotropic hormone (ACTH) and cortisol levels and the cortisol response to ITT, by considering both the highest value during the test, i.e., cortisol peak and the AUC COR . We considered a morning basal cortisol value of <3 µg/dl as already diagnostic for AI, while we excluded the diagnosis with a basal cortisol value >18 µg/dl. A serum cortisol increase to at least 18 µg/dl during ITT was used as a criterion for a functioning HPA.
After the diagnosis of GHD was made, in GHD children in addition to auxological parameters and IGF-I measurement we performed both ITT (for cortisol) and OGTT (for glucose and insulin) after 12 months of GHT. As surrogate estimates of insulin sensitivity, we considered the homeostasis model assessment estimate of insulin resistance (Homa-IR) [16] and the insulin sensitivity index (ISI), a composite index derived from the OGTT and validated by Matsuda and DeFronzo [17] , while as estimates of insulin secretion we considered fasting insulin and AUC INS . In the control group, these evaluations were performed only at baseline.
The institutional Ethics Committee of the University of Palermo approved this study. At the time of hospitalization, an informed consent for the scientific use of the data was obtained from both the participants and their parents.
Hormone and biochemical assays
All biochemical data were collected after overnight fasting. Glucose and lipids were measured in the centralized accredited laboratories of the University of Palermo with the standard methods. Serum insulin was measured by ELISA (DRG Instruments GmbH, Germany). The sensitivity of the method was 1 IU/ml. The normal insulin range (IU/ml) was 5-19. HbA1c levels were determined by HPLC with an ion-exchange resin (HA8121, Hi-AutoA1c, Menarini, Florence, Italy). Serum GH levels were measured by means of immunoradiometric assay using commercially available kits (Radim, Italy). The sensitivity of the assay was 0.04 µg/l. The intra-and inter-assay coefficients of variation (CV) were 2.5-3.9 and 3.8-5.0%, respectively. We reported GH concentrations in µg/l of IS 98/574. Serum IGF-I levels were measured by means of a chemiluminescent immunometric assay (Immulite 2000; Diagnostic Products Corp., Los Angeles, CA, USA) using murine monoclonal anti-IGF-I antibodies. The standards were calibrated against the World Health Organization second IS 87/518. The sensitivity of the method was 1.9 µg/l. The intra-and inter-assay CVs were 2.3-3.9 and 3.7-8.1%, respectively. Values were expressed as SD according to the normative data provided by the manufacturer. Serum cortisol was evaluated using the electrochemiluminescent (ECLIA) automated method access (Beckman Coulter, Brea, CA, USA). ACTH levels were detected by electrochemiluminescence immunoassay (Elecsys, Roche, Milan).
Statistical analysis
The Statistical Packages for Social Sciences SPSS version 19 was used for data analysis. Baseline characteristics were presented as mean ± SD for continuous variables (normality of distribution for the quantitative variables was assessed with the Kolmogorov-Smirnov test); rates and proportions were calculated for categorical data. The differences between groups were evaluated with the t test. Pearson's correlation was performed among continuous variables. A p value <0.05 was considered statistically significant.
Results

Clinical and hormonal parameters
The clinical and hormonal parameters of control subjects, GHD children at diagnosis and after 12 months of GHT are shown in Table 1 .
No significant difference in height and bone/chronological age ratio between GHD children at baseline and control subjects was found. Conversely, GHD children at baseline showed significantly lower growth velocity (−3.1 ± 1.8 vs. −1.1 ± 1.0 SD; p = 0.023), IGF-I levels (88.4 ± 26.7 vs. 198.4 ± 53.2 µg/l; p < 0.001 or −0.74 ± 0.31 vs. 1.30 ± 0.46 SD; p < 0.001), GH peak and AUC GH after ITT (4 ± 1.4 vs. 12.9 ± 2.8 µg/l; p < 0.001 and 308 ± 168 vs. 962 ± 297 µg/l; p < 0.001) and GH peak and AUC GH after GST (4.2 ± 3.3 vs. 11.5 ± 6.6 µg/l; p < 0.001 and 282 ± 154 vs. 712 ± 368 µg/l; p = 0.001) than controls, with concomitant higher BMI (−1.2 ± 0.9 vs. −2.1 ± 0.6 SD; p < 0.001) and WC (62.1 ± 7.5 vs. 57.7 ± 4.3 cm; p = 0.015).
In the GHD group, growth significantly increased after 12 months of GHT (height: −1.5 ± 0.7 vs. −2.2 ± 0.6 SD; p < 0.001; growth velocity: 1.6 ± 0.9 vs. −3.1 ± 1.8 SD; p < 0.001), with a concomitant increase in IGF-I (213.9 ± 122.1 vs. 88.4 ± 26.7 µg/l; p < 0.001 or 1.45 ± 0.75 vs. −0.74 ± 0.31 SD; p < 0.001) and a significant decrease in WC (59.6 ± 7.9 vs. 62.1 ± 7.5 cm; p = 0.032). No significant change was documented for BMI and bone/chronological age ratio (Table 1) .
Metabolic parameters
The metabolic parameters of control subjects, GHD children at diagnosis, and after 12 months of GHT are shown in Table 1 .
All GHD children at baseline had normal fasting glucose levels, although they were significantly lower than controls (3.89 ± 0.40 vs. 4.49 ± 0.41 mmol/l; p < 0.001). In addition, GHD children showed higher fasting insulin (6.3 ± 3.2 vs. 3.1 ± 2 IU/ml; p = 0.001), Homa-IR (1.19 ± 0.65 vs. 0.64 ± 0.43; p = 0.006), and lower ISI-Matsuda (11.5 ± 5 vs. 15.8 ± 7.9; p = 0.042) than controls. No significant difference was found in AUC GLU , AUC INS , HbA1c, and lipid profile between GHD children at baseline and control subjects (Table 1) .
After 12 months of GHT, a significant increase in fasting glucose (4.63 ± 0.21 vs. 3.89 ± 0.40 mmol/l; p < 0.001), fasting insulin (12.1 ± 2.7 vs. 6.3 ± 3.2 IU/ml; p = 0.021), and Homa-IR (2.48 ± 0.53 vs. 1.19 ± 0.65; p = 0.011) was documented, although all children maintained normal glucose tolerance. No significant difference was found in AUC GLU , AUC INS , HbA1c, and ISI-Matsuda.
Total (3.92 ± 0.98 vs. 4.16 ± 0.85 mmol/l; p = 0.003) and LDL-cholesterol (1.97 ± 0.81 vs. 2.17 ± 0.70 mmol/l; p = 0.016) significantly decreased after 12 months of GHT, while no change in HDL cholesterol and triglycerides was documented (Table 1) .
Adrenal function
The HPA evaluation of control subjects, GHD children at diagnosis and after 12 months of GHT are shown in Table 2 .
Morning serum cortisol levels, AUC COR , and cortisol peak during ITT proved to be positively and strongly correlated with one another both in the totality of children and separately in GHD children at both baseline and after GHT (all p < 0.010; data not shown).
Overall, based on morning cortisol levels and considering 3 µg/l as the cut-off value for diagnosing AI, no subject showed overt AI at both baseline and after 12 months of GHT.
Based on cortisol peak levels, a subnormal cortisol response (i.e., <18 µg/dl) to ITT was shown in 10 out of 60 children [2 out of 25 controls (8%) and 8 out of 35 GHD children (22%), with a mean cortisol peak of 17.7 and 13.8 µg/l, respectively] at baseline, while 11 out of 35 GHD children (31%) showed a cortisol peak value lower than 18 µg/l (mean cortisol peak of 12.1 µg/l) after 12 months of GHT, without any typical clinical signs or symptoms of AI.
At baseline, GHD children showed higher morning serum cortisol (11.7 ± 2.8 vs. 9.4 ± 2.8 µg/l; p = 0.012) and lower ACTH levels (18.4 ± 6.3 vs. 22 ± 6.1 pg/ml; p = 0.041), while no differences in serum sodium (p = 0.709) and potassium (p = 0.112), cortisol peak (p = 0.535) and AUC COR (p = 0.128) during ITT were found (Table 2) .
After 12 months of GHT, a significant decrease in morning serum cortisol (8.9 ± 2.3 vs. 11.7 ± 2.8 µg/l; p = 0.002) and AUC COR (1489 ± 464 vs. 1868 ± 878 µg/l; p = 0.038) was documented, without significant change in serum sodium and potassium, and in cortisol peak during ITT ( Table 2) .
The correlations among cortisol secretion and the clinical, hormonal, and metabolic parameters in GHD children at baseline and after 12 months of GHY are shown in Table 3 and Fig. 1 .
At baseline, in GHD children, morning serum cortisol levels proved to be significantly and negatively correlated with GH peak (r −0.664; p < 0.001) and AUC GH (r −0.631; p < 0.001) during a/the stimulus test, fasting glucose (r −0.664; p < 0.001), and ISI-Matsuda (r −0.689; p < 0.001), while they were positively correlated with fasting insulin (r 0.483; p = 0.011) and Homa-IR (r 0.485; p = 0.010). Similarly, both cortisol peak and AUC COR at baseline were negatively correlated with GH peak (r −0.651; p < 0.001 and r −0.722; p < 0.001, respectively), AUC GH (r −0.603; p < 0.001 and r −0.662; p < 0.001, respectively) and ISIMatsuda (r −0.468; p = 0.016 and r −0.593; p = 0.001, respectively), while AUC COR also positively correlated with Homa-IR (r 0.386; p = 0.047). These correlations were not confirmed when we analyzed separately the control group at baseline (data not statistically significant and not shown). No significant correlation was found between ACTH levels and the clinical, hormonal, and metabolic parameters neither in GHD nor in controls (data not shown).
After 12 months of GHT, no significant correlations were found among cortisol levels and all parameters were investigated, with the exception of a slight negative correlation between cortisol peak and fasting glucose (r −0.589; p = 0.044). No significant correlations were found between cortisol and IGF-I levels (data not shown).
Discussion
This study showed that the HPA function is strongly correlated with GH secretion and with many metabolic aspects of overt GHD. GHD children showed higher cortisol levels than controls and these levels are related to the insulin sensitivity degree. Conversely, GHT leads to a slight reduction in cortisol levels and to a loss of relationship between cortisol and metabolic parameters. GHD patients potentially represent a population at risk of developing functional alterations of the HPA axis up to overt AI. Indeed, both GHD condition per se, due to potential concomitant multiple pituitary hormone deficiency, and GHT, due to the GH impact on cortisol metabolism, can be potentially associated with AI [10, 18] . However, there are discordant data in the literature about the HPA function in GHD and during GHT. AI is frequently observed in GHD patients with genetic or structural alterations [19, 20] . Giavoli et al. evaluated the HPA axis in patients with adult-onset GHD due to surgically treated pituitary tumors by means of morning serum cortisol levels as well as cortisol responses to stimulation test before and during GHT. The authors demonstrated central AI in 9 out of 11 patients, concluding that reassessment of HPA function in organic GHD patients during GHT is mandatory [11] . Indeed, it is widely known that GH influences cortisol metabolism by modulating the activity of 11beta-HSD1, which is the main target of cortisol modulation by GH [6, 8, 21] . However, few and sometimes discordant data about HPA axis evaluation during GHT in children with idiopathic GHD are available in the literature.
In ten consecutive children with idiopathic GHD, Giavoli et al. demonstrated that no child became AI during GHT, without differences in cortisol peak after a provocative test from baseline to a mean of 12 months of GHT. These authors concluded that probably only in patients with organic multiple pituitary hormone deficiency GHD masks the presence of a hidden central AI and that the HPA function evaluation in children with idiopathic GHD is not required during the follow-up [22] . Similarly, other authors suggested that patients with GHD without abnormalities on MRI probably do not need HPA testing. Indeed, among a relatively large number of children with idiopathic GHD whose HPA axis was evaluated, none had AI before GHT [23] . Conversely, in one of the largest series involving more than 2000 children with GHD, August et al. showed that about 11% of those with idiopathic GHD had central AI, suggesting, however, that AI is relatively uncommon in children without anatomic abnormalities [24] .
Our data are partially in agreement with these studies. Indeed, we found that about 22% of GHD children at diagnosis showed a cortisol peak during ITT lower than the widely accepted cut-off (i.e., 18 µg/l), although none of the patients were symptomatic for AI, while when we considered the morning serum cortisol levels no child showed values lower than 3 µg/l.
However, it should be noted that ACTH deficiency is generally uncommon in children with idiopathic GHD and it has rarely been reported in the absence of organic lesions. In our hypothesis, despite the cortisol peak did not reach the established cut-off of 18 µg/dl for a while, the increase in cortisol levels from baseline to peak during ITT was very significant (up to 70%) and therefore it could be considered quite satisfactory both in the two controls and in the eight GHD children suspected of having AI. For these reasons, we decided not to treat these children for AI and clinically follow them. Indeed, the biochemical criteria used to diagnose AI take into account only a fixed cut-off and do not consider the size of the change of cortisol from the baseline value to the peak reached during the stimulation test, even if below the established cut-off.
Our data are in agreement with another study which showed subnormal cortisol response to ITT in 10 out of 25 children (40%) with idiopathic GHD [25] . Similarly, Lange et al. reported in a group of adults previously treated for idiopathic childhood-onset GHD a percentage of 44% of asymptomatic AI. The authors concluded that HPA axis evaluation at regular intervals is essential in these patients and that GHD may represent a predisposing factor for AI [18] . The discrepancy between these studies is probably due to the heterogeneity of the diagnostic criteria and of the tests used to assess HPA function. Indeed, although the diagnosis of overt AI is generally simple, the diagnosis of central AI, particularly in subjects with partial deficiency, or the identification of asymptomatic patients with subtle AI, is still a challenge. Patients with slight dysfunctions are at risk of developing adrenal crisis since their HPA does not appropriately react to stress. Therefore, identification of patients potentially at risk of AI is mandatory. There is considerable debate regarding the best test of the diagnosis of AI. Optimally, a screening test would be economic, convenient, and safe and it would have high sensitivity and specificity. Unfortunately, to date, no test for AI diagnosis meets all of these criteria. Response to ITT is considered the gold standard in the evaluation of the integrity of the HPA axis, although its validity has been questioned [26] [27] [28] and in patients with idiopathic multiple pituitary hormone deficiencies the low-dose short adrenocorticotropin test seemed to be equivalent to ITT [29] [30] [31] or even superior to the standarddose corticotrophin test in the diagnosis of central AI [32] . Specifically, the reliability of the test used to evaluate HPA function in GHD patients was tested by Maghnie et al. The authors concluded that none of the tests can be considered completely reliable for establishing the presence of adrenal insufficiency, although ITT seems to be the most sensitive for detecting subclinical or partial AI [33] . In agreement, we used ITT to evaluate the HPA axis in GHD children. Although we showed good correlation between morning serum cortisol and its peak during ITT, it is widely demonstrated that the baseline morning serum cortisol concentration has limited predictive power in differentiating between normal and impaired HPA function [27, 28, 34] . In agreement with these observations, our data showed that morning cortisol evaluation cannot be considered a reliable indicator of AI in children with GHD because the capacity of morning cortisol to diagnose AI differs from that of the cortisol peak during ITT; that is to say, with the cortisol peak we can diagnose a percentage of potential AI that cannot be diagnosed with morning cortisol. Indeed, all GHD children who at baseline showed a cortisol peak less than 18 µg/dl had a baseline cortisol value greater than 3 µg/dl. In addition, when we calculated the AUC of cortisol during ITT, although it showed good direct correlation with both morning cortisol and cortisol peak during ITT, it did not prove to have greater utility than morning serum cortisol or cortisol peak. Notably, morning cortisol levels were higher in GHD children than in controls, but in the GHD group we found a Fig. 1 Correlations (univariate analysis) between serum morning cortisol secretion and GH peak (µg/l) during ITT, ISI-Matsuda, fasting glucose (mmol/l), and fasting insulin (IU/ml) in GHD children at baseline higher prevalence of cortisol peak less than the established cut-off of 18 µg/dl. This finding, confirms the lack of utility of basal cortisol levels as a diagnostic test for AI.
All three of these cortisol parameters in GHD children at diagnosis demonstrated a good negative correlation with GH secretion (both GH peak and AUC GH during stimulation test) and with insulin sensitivity. Specifically, cortisol levels seem to be higher in concomitance with lower GH levels. Indeed, GHD children showed significantly higher morning serum cortisol levels and higher, although not statistically significant, peak and AUC of cortisol levels than controls. Conversely, we found a lack of correlation between cortisol and GH values in controls. We could speculate that the lower fasting glucose levels secondary to GHD, although still within the normal range, may lead to a rise in cortisol levels. Indeed, a negative correlation between morning fasting cortisol levels and fasting glucose was demonstrated at baseline in GHD children and not in controls. These data can further confirm and explain what was previously stated about the lack of reliability of morning serum cortisol as diagnostic test for AI if compared to cortisol peak in GHD.
In turn, the higher cortisol levels in GHD children may determine an increase in fasting insulin and a decrease in insulin sensitivity (as demonstrated by the higher Homa-IR and lower ISI-Matsuda in GHD than controls). The latter two are typical features of GHD, in concomitance with the evidence of higher BMI and WC, probably secondary to GHD per se, which in turn can worsen insulin sensitivity reduction. Indeed, overt GHD shows many features of metabolic syndrome [35] , including abdominal obesity and insulin resistance, which are also typical of the conditions of cortisol excess [36] . This finding could lead us to speculate that higher cortisol levels, secondary to an increased activity of 11beta-HSD1 in GHD patients, may play a role in the development of the abovementioned clinical features.
However, if an overt metabolic syndrome is more easily associated with GHD in adult patients, probably because of the diagnostic and therapeutic delay, the metabolic alterations are less manifest in children and just a trend to a worse metabolic profile, such as lower insulin sensitivity degree or greater visceral obesity, may happen and the metabolic syndrome may be not yet clearly manifested, as shown in our study.
Though our data showed a correlation among cortisol levels and many metabolic aspects of overt GHD, this relationship seems to be lost after GHT. Indeed, controversial data exist in the literature on the effects of GHT on HPA function. Weaver et al. studied 19 adult hypopituitary patients who were receiving conventional hydrocortisone replacement during a 6-month period of GHT. The authors demonstrated that GHT in hypopituitary adults is associated with an apparent reduction in availability of administered hydrocortisone and concluded that the changes in cortisol metabolism suggest that GH may directly or indirectly modulate the activity of 11beta-HSD1 [7] . Recently, in a multicenter study that evaluated the HPA axis before and during 6 months of GHT therapy in 72 GHD patients, cortisol levels significantly decreased in patients already having multiple pituitary hormone deficiencies at baseline, and it decreased, although it remained within the normal range, in patients with isolated GHD [37] .
Our data are partially in agreement with these studies. Indeed, we showed a significant decrease in morning serum cortisol and in AUC COR during 12 months of GHT, with a trend to decrease, although not significant, in cortisol peak, and without change in serum sodium and potassium. In addition, despite the slight decrease in cortisol peak observed, after 12 months of GHT a higher percentage of children than baseline (31 vs. 22%) showed a cortisol peak less than 18 µg/l, without any typical signs or symptoms of AI. Probably, also in the absence of hypothalamic-pituitary organic pathologies, as in our cohort of children, the modulation exerted by GHT leads only to a slight decrease in cortisol levels by reducing the activity of 11beta-HSD1, without clinical consequences. Probably, the possible effect in decreasing cortisol binding globulin (CBG) levels cannot be ruled out for cortisol reduction during GHT, although this effect was not always confirmed [11] . However, despite the reduction in basal cortisol and AUC COR during GHT and the increased prevalence of suspected AI, even in this case, as already noted at baseline, the increase in cortisol levels from baseline to peak during ITT was very pronounced (up to 90%) even in the 11 children suspected of having AI and we decided to keep patients in follow-up without initiating glucocorticoid treatment. However, it is to be noted that the lack of significant change in ACTH levels after GHT (lack of feed-back) could lead us to hypothesize that there may be a partial ACTH deficiency which have influenced GH peak at diagnosis and it could potentially explain the higher prevalence of AI in GHD than controls. These data reinforce the awareness that diagnosis of central AI, particularly in children with suspected partial deficiency, or the identification of asymptomatic patients with subtle AI, is difficult and still a challenge.
In our study, GHT led to an improvement in auxological parameters and IGF-I levels with a concomitant decrease in WC, as expected. In addition, we found higher fasting glucose and insulin levels with higher insulin resistance, as demonstrated by the increase in Homa-IR and the trend to decrease of ISI-Matsuda. This trend to impairment in glucose metabolism during GHT has often been previously demonstrated [38, 39] . Indeed, it is widely known that GHT leads to a decrease in insulin sensitivity and alteration in insulin secretion even without overt changes in glucose tolerance, and the current study confirms this finding, as demonstrated by the unchanged HbA1c levels. In addition, a slight improvement in lipid profile was demonstrated after 12 months of GHT and this finding is in agreement with our previous studies [15, 40] . Overall, in our opinion, the metabolic changes which occur after GHT are likely secondary to the counter-regulating effects of GH (the increase in glucose and insulin levels and the reduction in insulin sensitivity) and to its lipolytic effect (demonstrated by the improvement in lipid profile and reduction in WC). In addition, the impact of GHT on a series of adipokines known to have a metabolic role [41] , could explain the lack of a direct relationship between cortisol levels and metabolic parameters during GHT. In concomitance with a slight increase in glucose levels, and mediated by the known GH effect on cortisol metabolism, cortisol levels tended to decrease, although without determining overt AI, leading to a loss of its relationship with metabolic parameters. Therefore, the metabolic effect observed during GHT must be considered to be independent of any change in cortisol metabolism [7] [8] [9] . These data are in agreement with the study performed by Yuen et al., who demonstrated no correlation between the change in metabolic parameters and cortisol levels in adult GHD patients during GHT [42] .
In our opinion, the strength of our study was the use of the same test (i.e., ITT) in all patients in concomitance with full metabolic evaluation. Conversely, the limits were certainly represented by the relatively small sample size, the limited period of observation and the lack of data for the control group after 12 months of follow-up. Indeed, we cannot exclude with certainty that the cortisol change after 12 months are due to some other factor, in addition to GHT. However, in our opinion, it is very difficult to perform a full metabolic and hormonal evaluation, through OGTT and ITT, in healthy children during a follow-up of 12 months.
In conclusion, cortisol levels correlate well with GH secretion and with many metabolic parameters, so they could have a potential role in the development of metabolic alterations associated with GHD in children. Conversely, the metabolic effects during GHT are mainly due to GHT per se and less to cortisol reduction. GHT may potentially lead to a reduction in cortisol levels also in children with idiopathic GHD and endocrinologists should be mindful of this phenomenon when starting treatment with GH. Indeed, most children with multiple hormone deficiency or with etiology other than idiopathic GHD are frequently subject to a full endocrine evaluation, whereas wrongly this is not the case for patients with idiopathic GHD. Larger studies, with longer periods of follow-up of GHT, will be able to confirm the results of this study.
Compliance with ethical standards
Conflict of interest All authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of the research reported.
Funding This research did not receive any specific grant from any funding agency in the public, commercial or not-for-profit sector.
Ethical approval All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Informed consent At the time of hospitalization, an informed consent for the scientific use of the data was obtained from individual participants included in the study and their parents.
